The effect of different substrates and various developmental stages (mycelium growth, primordium appearance, and fruiting-body formation) on laccase production in the edible mushroom Lentinula edodes was studied. The cap of the mature mushroom showed the highest laccase activity, and laccase activity was not stimulated by some well-known laccase inducers or sawdust. For our molecular studies, two genomic DNA sequences, representing allelic variants of the L. edodes lac1 gene, were isolated, and DNA sequence analysis demonstrated that lac1 encodes a putative polypeptide of 526 amino acids which is interrupted by 13 introns. The two allelic genes differ at 95 nucleotides, which results in seven amino acid differences in the encoded protein. The copperbinding domains found in other laccase enzymes are conserved in the L. edodes Lac1 proteins. A fragment of a second laccase gene (lac2) was also isolated, and competitive PCR showed that expression of lac1 and lac2 genes was different under various conditions. Our results suggest that laccases may play a role in the morphogenesis of the mushroom. To our knowledge, this is the first report on the cloning of genes involved in lignocellulose degradation in this economically important edible fungus.
Lentinula edodes (Berk.) Pegler. is the second most widely cultivated mushroom in the world, with a worldwide production in 1995 of 1.7 million tons (9) . The cultivation of this mushroom uses a significant amount of lignocellulosic substrates and is the largest wood-utilizing bioconversion process (33) . Utilization of lignocellulose by L. edodes is dependent on its ability to synthesize hydrolytic and oxidative enzymes which convert the individual components of lignocellulose into lowmolecular-weight compounds that can be absorbed and assimilated for nutrition (32, 33) . Laccases are one group of enzymes that are believed to be important in the degradation of lignocellulose by the fungus (14, 21, 26, 29) .
Laccases are members of the blue copper oxidase enzyme family characterized by having four cupric ions coordinated such that each of the known magnetic species is associated with a single polypeptide chain (26, 46) . The copper-binding domains are highly conserved in the blue copper oxidases (39, 46) . The crystal structure of the Cu-depleted laccase from Coprinus cinereus has provided a useful model for the structure of the laccase active site (18) . In contrast to our understanding of the electron transfer reactions that occur in laccases, few studies have addressed the physiological functions of these enzymes (19, 46) . Laccases have been implicated in pigmentation (11, 33) , fruiting-body formation (16, 51) , pathogenicity (31, 49, 50) , and lignin degradation (1, 4, 8, 26) . However, only a few of these functions have been experimentally proven (20) .
There have been a few studies on laccase production in L. edodes (7, 32, 33) . Leatham and Stahmann (32) found that the highest laccase activity is in the pigmented rind of the pileus and in the stipe. Increased laccase activity was found to be associated with rapid growth of nonpigmented aerial mycelium and formation of pigmented primodia and fruiting bodies (32, 33) . Although these studies have provided valuable information on mushroom laccase physiology, molecular studies on this enzyme have not been widely investigated, and only a single study on the isolation and characterization of two laccase gene fragments has been reported (17) . As such, we aimed to address this issue by cloning and characterizing two allelic variants of the L. edodes lac1 gene. Also, we aimed to compare the kinetics of laccase activity and gene expression (lac1 and lac2) in L. edodes L54 when grown on different substrates (glucose, crystalline cellulose, potato extracts [PE], sawdust, guaiacol, tannic acid, etc.) and in various developmental stages (mycelium growth, primordium appearance, and fruiting-body formation).
MATERIALS AND METHODS
Organisms and culture conditions. L. edodes L54-A (monokaryon), L54-B (monokaryon), and their mated product L54 (dikaryon) were used in the study, and a defined medium with a high nitrogen level (HN medium) was used to produce laccases (56, 57) . The concentrations of nitrogen and copper (CuSO 4 ) in HN medium were 26 and 40 mM, respectively. For solid medium, agar was added to a final concentration of 15 g/liter, and 20 ml of sterilized solid medium was added per 90-mm petri dish. Culture conditions were described previously (55, 57) . In liquid medium, stationary cultures were incubated in 500-ml flasks containing 50 ml of liquid medium. To study the effect of various carbon sources, 1% (wt/vol) glucose was replaced by different substrates, i.e., were 1% (wt/vol) crystal cellulose (Sigma), 1% (wt/vol) PE (Difco), and 5% (wt/vol) sawdust. Four wellknown laccase inducers, guaiacol, tannic acid, 2,4-xylidine, and veratryl alcohol (all purchased from Sigma), were added at various concentrations to the medium to determine whether they could induce the production of laccases (11, 13, 46) . Fruiting-body primodia and mature mushrooms were obtained during a 6-week inoculation. Mycelium block, pregrown for 14 days as colonies on solid HN-PE agar medium supplemented with 0.1% (wt/vol) yeast extract, was used as inoculum for cultures to grow on the fruiting medium. The fruiting process was carried out in HN medium supplemented with 1% (wt/vol) PE and 5% (wt/vol) sawdust. Cultures were incubated at 25°C and 80% relative humidity on a 12-h light and dark cycle. Primordia and mushrooms were harvested from the first appearance of fruiting bodies (5 to 7 days after fruiting-body initiation) to the harvest stage (10 to 12 days after fruiting-body initiation).
Enzyme assays. To determine extracellular enzyme activity in agar medium, plugs containing mycelia from the center of the fungal colony were added to the reaction buffer (at a ratio of 50 mg of plug per ml of reaction buffer). Boiled agar plugs (10 min) served as controls. To detect activity in submerged cultures, culture supernatant was used in the reaction mixtures. Blocks of fresh fruiting bodies from various developmental stages were used for the measurement of enzyme activity. Laccase activity was determined by using 2,2Ј-azinobis-3-ethyl-benthiazoline-6-sulfonate (ABTS) as previously described (57) . Oxidation of ABTS was measured by determining the increase in absorbance at 420 nm with an extinction coefficient of 36 mM Ϫ1 cm
Ϫ1
. One unit of enzyme activity is defined as the amount of enzyme required to oxidize 1 mol of ABTS per min. Lignin peroxidase, manganese-dependent peroxidases and tyrosinase activities were determined as previously described (28, 35, 36) . All the reactions were performed at 30°C. Enzyme activity was expressed as units per gram of medium or fresh fruiting body. Protein concentrations were estimated as described previously (56) .
Preparation of high-molecular-mass DNA and total RNA. High-molecularmass genomic DNA (50 to 100 kb) was prepared as previously described (55, 58) . Total RNA was prepared by using TRIREAGENT (MEC). Only mycelium or fruiting bodies which showed the highest laccase activity were used in RNA extraction. The RNA concentrations in samples were determined spectrophotometrically (43) .
Preparation of genomic libraries. L. edodes genomic DNA was partially digested with Sau3A and separated on a 0.8% (wt/vol) agarose gel (43) . After digestion, the DNA was ligated with DASHII arms (Stratagene) as described by the supplier. The ligation was packaged in vitro with a Gigapack II kit (Stratagene). The titer of the library was determined, and the library was amplified with Escherichia coli K2 cells. The unamplified library was estimated to contain 20,000 independent recombinants, which was calculated to cover at least 99% of the L. edodes (L54) genome (43) .
Library screening and product cloning. Approximately 200 ng of genomic DNA or 50 ng of cDNA was added to a PCR mix containing 2.0 U of Taq polymerase (Promega), 1ϫ buffer (Promega), 2.5 mM MgCl 2 , 100 M (each) deoxynucleoside triphosphates, and 1.0 M concentrations (each) of two primers. Four primers in four combinations were used for library screening: LelacU1 (5Ј-CACTGGCATGGCCTCTTCCA-3Ј) (17), LelacL1 (5Ј-ATGGCTATGGTA CCAGAAAGTG-3Ј) (17), T3 (5Ј-AATTAACCCTCACTAAAGGG-3Ј), and T7 (5Ј-GTAATACGACTCACTATAGGGC-3Ј). The following PCR cycle parameters were used: 4 min at 94°C for one cycle; 1 min at 94°C, 1 min at 58°C, and 5 min at 72°C for 35 cycles; and 10 min at 72°C for one cycle. PCR products were cloned into PCRscript SK (Stratagene) or sequenced directly (see below).
First-strand cDNA synthesis. Total RNA (5.0 g) was used to synthesize cDNA. Reverse transcriptions were carried out in 20-l reaction mixtures containing 50 U of Moloney murine leukemia virus reverse transcriptase (GIBCO), 15 pmol of oligo(dT) 15 , and 20 U of RNasin (Promega). Reactions were performed at 25°C for 10 min, at 45°C for 45 min, and at 75°C for 5 min.
Competitive PCR. Relative transcript levels of L. edodes laccase genes were determined by competitive PCR (5, 6, 14) . Included in the PCR mixes was a competitive template in the form of genomic DNA. The competitor was diluted to known concentrations. Introns within the competitive template allowed the target cDNA and genomic product to be size fractionated on agarose gels. PCRs were performed with various dilutions of genomic template. To examine the expression of laccase genes in L54, we designed PCR primers based on the sequence reported here (lac1 sequence) and sequences published in the literature (lac2) (17) . Primers Lelac1U1523 (5Ј-GGTGTAGCATTTGTTTCTCA-3Ј) and Lelac1L2129 (5Ј-ATGACCGCGAGAGGAACAGC-3Ј) were used to amplify lac1. The lengths of the PCR products were 626 and 394 bp for lac1 genomic DNA and cDNA, respectively. Primers Lelac2U1 (5Ј-CATTGGCATGGTCTC TTCCA-3Ј) and Lelac2L710 (5Ј-CGATGATGGTGAGGTTGT-3Ј) were used to amplify lac2. The lengths of the PCR products were 730 and 450 bp for lac2 genomic DNA and cDNA, respectively. A pair of primers specific for amplification of the constitutively expressed ribosome protein gene was used as the control (55) .
The competitive templates consisted of full-length genomic copies of the genes which had been PCR amplified, and the concentrations of templates were estimated by gel electrophoresis. To determine the concentration of cDNA, a serial titration test including 20 to 40 cycles was performed. The optimal competitive PCR conditions were (in a final volume of 20 l) 0.2 U of Taq polymerase, 1ϫ buffer (Promega), 2.5 mM MgCl 2 , 100 M (each) deoxynucleoside triphosphates, and 1.0 M concentrations (each) of the primers. The following competitive PCR parameters were used: 4 min at 94°C for one cycle; 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C for 30 cycles; and 10 min at 72°C for one cycle. The PCR products were size fractionated in 2% agarose, ethidium bromide stained, and analyzed by using Molecular Analyst Software 1.5 (Bio-Rad).
DNA sequencing. The nucleotide sequences of PCR products were determined by using Taq polymerase cycle sequencing and an automated DNA sequencer (ABI 310; Perkin-Elmer Corp.). All DNAs were sequenced on both strands, and the encoded amino acid sequences were predicted by using Gene Jockey (Biosoft). Sequences were aligned by using SeqEd 2.0 software (Applied Biosystems).
Nucleotide sequence accession numbers. The nucleotide sequences of the L. edodes lac1A and lac1B genes have been deposited in the GenBank database under accession no. AF153610 and AF153611, respectively.
RESULTS
Effect of different media on the production of laccases. The effect of glucose, cellulose, sawdust, and PE on the production of laccases was studied (Table 1 ). In strain L54, peak laccase activity (0.081 U/g) in the HN-glucose medium was detected after 20 days. The presence of 1% PE stimulated laccase production 2.8-fold (Table 1 ). The presence of 5% sawdust in agar medium did not increase laccase activity, and 1% cellulose slightly increased the peak level of laccase for this strain (Table  1) . Monokaryotic strains L54-A and L54-B showed a similar pattern of laccase production in agar medium, and L54-A produced more laccase than did L54-B in all the media tested. Both monokaryotic strains showed less laccase activities than did their mated dikaryotic strain L54 (data not shown).
Addition of 2 mM guaiacol did not stimulate the production of laccase in agar medium significantly, whereas 5 mM tannic acid decreased the peak activity of laccases (data not shown). Both guaiacol and tannic acid decreased the growth of the monokaryotic and dikaryotic strains but had less effect on the latter. Tannic acid (5 mM) fully inhibited the growth of L54-B. Veratryl alcohol and xylidine neither increased the peak activity of laccases nor affected the growth of the strains tested (data not shown).
The production of laccase in various developmental stages was also studied. Interestingly, the laccase activity in the mushroom cap was 1.113 U/g, which was 34-fold higher than that in the stalk (0.033 U/g) and 13-fold higher than that in the primordia (0.083 U/g). No tyrosinase, MnP and LiP activities were detected in various fruiting stages.
Isolation and analysis of the laccase genomic sequence. By using a PCR-walking method, which involved gene-specific primers and internal primers (T3 and T7) (55), we obtained four PCR products which showed strong homology to known basidiomycete laccase genes. Based on the sequence overlap analysis, we found that the four fragments formed two laccase genes. By comparing both laccase sequences with the sequences of the corresponding PCR products from monokaryotic parental strains L54-A and L54-B, we were able to demonstrate that the two genes were alleles (Fig. 1) ; therefore, the laccase genes were designated lac1A and lac1B for strains L54-A and L54-B, respectively. lac1 sequence analysis. The nucleotide sequence of lac1 was found to contain an open reading frame (ORF) of 1,578 bp capable of coding for a protein of 526 amino acid residues (Fig. 1) . It was estimated that Lac1A has a molecular mass of 57,111 Da. The extreme N-terminal portion of this putative protein sequence is positively charged and is separated from the rest of the molecule by a stretch of predominantly hydrophobic residues, features typical of a signal peptide (11, 19, 46) . Comparison of the genomic and cDNA sequences of lac1 indicated the presence of 13 introns varying in size from 50 to 65 bp. All of the intron splice junctions correspond to the GT----AG rule. Comparison between lac1A and lac1B revealed that there were 45 nucleotide differences in the ORF and 50 nucleotide differences in all introns except one (data not shown). Seven of the nucleotide changes in the ORF result in amino acid changes, and the remaining 38 nucleotide differences are silent changes. The copper-binding domain structure found in other laccase genes is conserved in the L. edodes Lac1 protein (12, 20) . The similarity between the lac1 product and other basidiomycetous laccases is from 65% to 75%, with the region of highest conservation being found in the copperbinding domains (Fig. 1) .
Competitive PCR analysis of laccase gene expression. The results of the discriminatory lac1/lac2 competitive PCR from various substrates and different developmental stages are shown in Fig. 2 and Table 1 . The highest and lowest levels obtained for lac1 mRNA were 5.0 ϫ 10 Ϫ17 mol per g of total RNA in the cap and 3.0 ϫ 10 Ϫ21 mol per g of total RNA in HN-glucose-guaiacol medium. Similar results were obtained for lac2. The highest and lowest levels obtained for lac2 mRNA were 3.0 ϫ 10 Ϫ17 and 2.7 ϫ 10 Ϫ22 mol, respectively. The use of 1% cellulose as a carbon source increased the levels of lac1 and lac2 mRNA. HN-glucose-PE medium increased the production of both mRNAs, but 5% sawdust did not increase the accumulated mRNA level further (Table 1 ). The addition of 2 mM guaiacol increased the production of lac2 but not of lac1. The cap of the mushroom showed the highest levels of lac1 and lac2, whereas the stipe and primodia showed lower levels of both mRNAs (Table 1) .
In HN-glucose medium, levels of lac1 mRNA were 27 times higher than those of lac2 mRNA. In the HN-cellulose medium, HN-glucose-PE medium, and HN-glucose-PE-5% sawdust medium, levels of lac1 mRNA were similar to those of lac2 mRNA. Similar levels were also observed in the primordium and fruiting-body stage. However, the levels of lac2 mRNA were 17 times higher than those of lac1 mRNA in the HNglucose medium supplemented with 2 mM guaiacol ( Table 1) .
DISCUSSION
Although laccase production in white rot fungi is known to be influenced by a number of factors, little work has been done to study the regulation of laccase gene expression at the molecular level (27, 46) . Eggert et al. (19) have shown that laccase activities in culture fluids of Pycnoporus cinnabarinus are dependent on the nitrogen concentration and Collins and Dobson (13) have found that the expression of laccase in Trametes versicolor was regulated at the level of gene transcription by copper and nitrogen. As the concentration of copper or nitrogen in fungal cultures was increased, an increase in laccase activity corresponding to increased laccase gene transcription was observed. Based on these previous reports, we used HN medium supplemented with copper to study the effects of physiological parameters on laccase expression in L. edodes. There have been few reports on the comparison between induced laccases and constitutive laccases (23, 38, 48) . Mansur et al. (38) compared transcript levels of three laccase genes from the basidiomycete I-62 under various culture conditions and demonstrated that lcc1 was inducible by veratryl alcohol and lcc3 was not. In our studies, we used a number of substrates to study laccase activity but did not observe any inducing effects, which is consistent with previous reports for L. edodes (32, 33) . Laccases in L54 appear to be constitutive, since the enzyme levels did not increase after the use of different inducers or sawdust. However, we cannot conclude from this study that all isozymes of laccase are constitutive. In fact, our results indicated that the level of lac2 mRNA was increased during growth in the medium with 2 mM guaiacol, although the difference was small.
Differential expression of laccase gene families has been reported for a few fungi (38, 40, 47) . In the basidiomycete Trametes villosa, lcc1 mRNA was induced approximately 17-fold by the addition of 2,5-xylidine to the culture. The increase in the mRNA level corresponded to a 20-fold increase in enzyme activity. However, lcc2 mRNA is not induced and is present at a constitutive level approximately half that of the uninduced lcc1 mRNA (53, 54) . In the basidiomycete Agaricus bisporus, the level of lcc2 mRNA is 300-fold higher than that of lcc1 mRNA in malt extract liquid cultures (41, 44) . The transcriptional analysis data from our study agree with the laccase enzyme activity measured with various substrates and under various conditions. However, it must be emphasized that there could be laccase genes besides the ones described in this study or that are posttranslationally modified to become enzymatically active. At present we cannot assign the laccase activity detected to either of these two laccase genes.
An effect of carbon sources on the production of laccases has been demonstrated for the white rot fungus Phanerochaete chrysosporium (1, 17) . In addition, malt extract increases the production of laccases in Agaricus bisporus (51, 52) . In our study, PE medium increased the peak levels of laccases. However, it should be noted that the increase was not strictly inductive, because it appeared only in the idiophase (46) . Interestingly, we found that PE medium was a good substrate for fruiting, which may correlate with the accumulation of laccases in the idiophase. It remains undetermined which compounds in PE medium play important roles in the accumulation of laccases in the fungus.
During recent years, laccase genes have been isolated from several basidiomycetes (3, 25, 30, 42) . The sequences of these genes display a common pattern in that they encode polypeptides of approximately 520 to 550 amino acid residues including an N-terminal signal peptide (12, 20, 25) . In addition, the single cysteine residue and 10 histidine residues involved in binding the four catalytic cupric ions found in each laccase molecule are conserved, together with a small amount of sequence around the four regions in which the copper ligands are clustered (20, 46) . It is in the copper-binding amino acid residues and their general distribution in the polypeptide chain that the laccases are all similar (12, 20, 25) . Alignment of the polypeptide sequence derived from lac1 with the sequences derived from other basidiomycete laccase genes shows that the domain structure of Lac1 protein is conserved. Lac1 showed (13); CECT Lac1, U65400 (37); P. ostreatus Lac2, Q12739 (25) ; P. cinnabarinus Lcc3, AF025481 (20) . Gaps have been introduced for optimal alignment and are indicated by dashes. The consensus sequence is composed of residues shared by at least five of the mature proteins. Alignment was done with SeqEd 2.0 software. the conserved sequences in the single cysteine residue and 10 histidine residues. The N-terminal lac1 sequence is separated from the C-terminal catalytic domain by a hinge region (46) . The latter appears to be duplicated but is typically rich in serine residues. Our data showed that there are seven amino acid differences between two allelic proteins, which was unusual in the filamentous fungi (24, 34) . In the white rot fungus P. chrysosporium, although there was 97% similarity between two cellobiose dehydrogenase alleles, their translation products have identical amino acid sequences (34) . It remains unknown whether the differences in Lac1B amino acid sequence result in the low level of laccase production in the L54-B strain.
Laccases play a role in the lignification in loblolly pine xylem (2). Ander and Eriksson (1) showed a reduced ability to degrade lignin in laccase-minus mutant Sporotrichum pulverulentum and recovered lignolytic ability in revertants. In an in vitro system involving pure laccases, it was demonstrated that the laccase mediator system can degrade radiolabelled lignin (8) . Bourbonnais et al. (4) have shown that the laccase from T. versicolor can degrade kraft lignin in the presence of ABTS. However, other reports have suggested that there is little correlation between laccase activity and ligninolysis. For example, Evans (22) showed that lignin degradation in Coriolus versicolor remained the same after laccase activity was inhibited by a specific antibody. Our results indicated that there were no increases of laccase production in L. edodes strains grown in media supplemented with various phenolic compounds or sawdust. Taken together, these data suggest that laccase can degrade a significant proportion of the components found in lignin, but the role of this enzyme in ligninolysis remains unresolved. All the enzymes possibly involved in lignin degradation produce some highly toxic species from which the fungal mycelium must be protected. It is possible that one of the major functions of L. edodes laccases is to scavenge these compounds by promoting polymerization before they enter the hypha, as previously suggested (10, 32) .
In some fungi, laccase has a well-understood function that is unrelated to ligninolysis (46) . It was reported that low-laccaseyielding mutants of Pleurotus florida had poor mycelial growth and could not form fruiting bodies whereas the revertants from the same mutants were similar to the parent in mycelial growth and fruiting-body formation (15) . In Schizophyllum commune, the dikaryotic strains that are able to form fruiting bodies can secrete high levels of laccases but the monokaryotic strains cannot (16) . In A. bisporus, laccase activity is strongly regulated during growth and declines rapidly after fruiting bodies develop (51, 52) . Interestingly, like L. edodes, no inducible laccases were found in A. bisporus (51) and S. commune (16) . Fruiting-body formation may involve phenol oxidase-catalyzed formation of extracellular pigments coupled to oxidative polymerization of cell wall components strengthening cell-to-cell adhesion (32, 46) . Our results demonstrated a strong laccase activity in the fruiting stage and indicated that laccases may catalyze the formation of extracellular pigments by oxidative polymerization and therefore may play an important role in the morphogenesis of the fungus. 
